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Abstract
In order to study the role of subunits III and IV of the cytochrome c oxidase from P. denitrificans for electron and proton
transfer, electrochemically induced FT-IR difference spectra of the two- and of the four-subunit enzyme have been
compared. These spectra reflect the alterations in the protein upon electron and proton transfer. Since the spectra are
essentially identical, they clearly indicate that the additional subunits III and IV do not contribute to the FT-IR difference
spectra of the four-subunit oxidase. Subunits III and IV are thus not involved in the reorganization of the polypeptide
backbone and of single amino acids upon electron transfer and coupled proton transfer observed in the difference spectra in
addition to heme contributions. The subtle differences between the FT-IR difference spectra that are attributed to the
influence of protein-protein interactions between the subunits are discussed. ß 1998 Elsevier Science B.V. All rights
reserved.
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Cytochrome c oxidase, the terminal enzyme of the
respiratory chain, catalyzes the stepwise reduction of
oxygen to water. In this process, electron and proton
transfer is e⁄ciently coupled to contribute to the
formation of an electrochemical proton gradient
which drives ATP synthesis. Four redox-active sites
are involved in electron transfer: CuA accepts elec-
trons from cytochrome c, heme a accepts the elec-
trons from CuA and transfers them to the binuclear
site, formed by CuB and heme a3, where O2 is re-
duced and converted to water. For the proton trans-
location two separate pathways have been suggested
from site-directed mutants. For recent reviews on
cytochrome c oxidase see [1,2].
Cytochrome c oxidases consist of two essential
subunits (I and II), which host the redox-active sites,
and where electron and proton transfer takes place.
A varying number of additional subunits can be
found in mitochondrial (up to 11) and bacterial (1^
3) oxidases. In the case of the cytochrome c oxidase
from the soil bacterium P. denitri¢cans, which con-
sists of four subunits, the structure of the four-sub-
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unit enzyme was determined [3], as well as that of the
two-subunit complex [4]. The structure of the beef
heart cytochrome c oxidase (13 subunits) has also
been reported [5,6]. A surprisingly high degree of
structural similarity of the subunits I, II and III be-
tween the bacterial and the mitochondrial enzymes
has been observed.
Subunits III and IV do not host any redox-active
group. A working hypothesis was that the third sub-
unit, discussed to be a universal part of all aa3-type
oxidases [7], may in£uence the regulatory functions
of the oxidase. However, the isolated two-subunit
oxidase of P. denitri¢cans retains full activity and
the removal of subunit III was thus proposed not
to a¡ect electron transfer or the structure of the re-
dox centers located in subunits I/II [30,31]. The con-
formation of the active sites is very similar as con-
¢rmed by structural data [3,4]. According to Haltia
et al. [8], subunit III appears to interact relatively
weakly with subunits I/II. Subunit III was discussed
to be involved substantially in proton translocation
(for reviews, see [9^12]). However, Haltia et al. [7]
could show in a mutagenesis study on Glu98 and
Asp259 that subunit III is not an essential element
of the proton pump. Steverding et al. [13] con¢rmed
that proton pumping represents an intrinsic property
of the catalytic centers, composed of subunits I
and II, independent of the number of additional sub-
units.
The role of the additional subunits is obviously
not clari¢ed and further studies are required. Haltia
et al. [7,14] attribute to subunit III a role in the
assembly of the functional oxidase; deletion of the
gene for subunit III leads to a strong reduction of
active cytochrome c oxidase [14]. Recent studies in-
dicate that subunit III a¡ects the oxygen reducing
site in subunit I [8] and may in£uence oxygen deliv-
ery to the core of the enzyme [15]. Heibel et al. [16],
on the basis of a resonance Raman study, suggest
that subunit III may in£uence the dielectric constant
in the vicinity of the heme a3 vinyl side chain. The
possible involvement of subunit III in energy conver-
sion of cytochrome c oxidase is discussed in [29], but
not clari¢ed [30].
For both subunits, III and IV, a stabilizing role is
discussed and in addition to this an in£uence on the
conformation of subunits I and II [17]. Subunit IV
could be excluded to act as an assembly factor or to
be required for cofactor insertion [28]. It was also
suggested to be an evolutionary remnant [28].
FT-IR di¡erence spectroscopy is a highly sensitive
method to detect even subtle structural changes upon
the redox reactions of the enzyme. Electrochemically
induced FT-IR di¡erence spectra of the four-subunit
cytochrome c oxidase from P. denitri¢cans have been
previously published [18^20], which show contribu-
tions from the reorganization of the polypeptide
backbone, the hemes and of single amino acids
upon electron transfer of the cofactors (heme a/a3,
CuA and CuB), as well as from coupled proton trans-
fer. Here, a comparison of the electrochemically in-
duced FT-IR di¡erence spectra of the two- and the
four-subunit oxidase is presented which should reveal
any involvement of subunits III or IV on the dis-
cussed processes and reorganizations.
Cytochrome c oxidase from P. denitri¢cans was
prepared as described previously [3,21]. Two-subunit
cytochrome c oxidase from P. denitri¢cans was pre-
pared as reported in [4]. This preparation may result
in a small residual amount of subunit III in the sam-
ples. However, gel electrophoresis of the samples
used for this study revealed that subunit III was
only present in negligible amounts, if detectable at
all. For electrochemistry, cytochrome c oxidase solu-
bilized in n-decyl-L-D-maltopyranoside, 200 mM
phosphate bu¡er (pH 7) containing 100 mM KCl,
was concentrated to approximately 0.5^1 mM using
Microcon ultra¢ltration cells (Millipore, USA).
The ultra-thin spectroelectrochemical cell for the
UV/VIS and IR was used as previously described
[22,23]. Su⁄cient transmission in the 1800^1000-
cm31 range, even in the region of strong water ab-
sorbance around 1645 cm31, was achieved with a cell
pathlength set to 6^8 Wm. The gold grid working
electrode was chemically modi¢ed by a 2-mM cyste-
amine solution as reported before [19]. In order to
accelerate the redox reaction, 16 di¡erent mediators
were added as reported in [19] to a total concentra-
tion of 40 WM each. At this concentration, and with
the pathlength below 10 Wm, no spectral contribu-
tions from the mediators in the VIS and IR range
could be detected in control experiments with sam-
ples lacking the protein, except for the PO modes of
the phosphate bu¡er between 1200 and 1000 cm31.
As a supporting electrolyte, 100 mM KCl was added.
Approximately 5^6 Wl of the protein solution were
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su⁄cient to ¢ll the spectroelectrochemical cell. Po-
tentials quoted with the data refer to the Ag/AgCl/
3 M KCl reference electrode; add +208 mV for SHE
potentials.
FTIR and UV/VIS di¡erence spectra as a function
of the applied potential were obtained simultane-
ously from the same sample with a setup combining
an IR beam from the interferometer (modi¢ed IFS
25, Bruker, Germany) for the 4000^1000-cm31 range
and a dispersive spectrometer for the 400^900-nm
range as reported previously [24,25]. First, the pro-
tein was equilibrated with an initial potential at the
electrode, and single beam spectra in the VIS and IR
range were recorded. A potential step to the ¢nal
potential was then applied, and single beam spectra
of this state were again recorded after equilibration.
Di¡erence spectra as presented here were then calcu-
lated from the two single beam spectra with the ini-
tial single beam spectrum taken as reference. No
smoothing or deconvolution procedures were used.
The equilibration process for each applied potential
was followed by monitoring the electrode current
and by successively recording spectra in the visible
range until no further changes were observed. The
equilibration generally took less than 10 min under
the conditions (protein concentration, electrode mod-
i¢cation, mediators) reported for the full potential
step from 30.5 to 0.5 V. Typically, 128 interfero-
grams at 4 cm31 resolution were coadded for each
single beam IR spectrum and Fourier-transformed
using triangular apodization. Di¡erences in sample
concentration and pathlength were taken into ac-
count and the FT-IR di¡erence spectra thus normal-
ized on the di¡erence signal of the sample in the UV/
VIS at 605 nm.
Fig. 1 shows the oxidized-minus reduced FT-IR
di¡erence spectra of the two-subunit cytochrome c
oxidase from P. denitri¢cans for the potential step
from the fully reduced (30.5 V) to the fully oxidized
state (0.5 V). FT-IR di¡erence spectra of the reverse
step from 0.5 to 30.5 V as well as redox cycles
monitored in UV/VIS and FT-IR have been per-
formed to control the full reversibility of the reaction
at the electrode (data not shown, for the four-subunit
enzyme cf. [18,19]).
In the amide I range (1680^1620 cm31) strong sig-
nals at 1661 cm31, 1641 cm31, 1632 cm31 and 1618
cm31 indicate absorbance changes of CNO groups
from the polypeptide backbone. These di¡erence sig-
nals are caused by small alterations in the structure
upon the redox process. In addition, contributions
from the formyl group of the hemes a and a3 and
from amino acid side chains are expected in this
spectral region. In the spectral region from 1560 to
1520 cm31 (the amide II range) contributions from
coupled CN stretching and NH bending modes are
expected. An assignment for all these signals to the
amide II mode is not very realistic, since the majority
of the bands do not show the expected strong shifts
upon 1H/2H exchange. This was previously described
for the four-subunit oxidase in [19]. In addition to
amide II signals, vibrational modes from aromatic
amino acid side chains and heme CNC groups will
contribute, as well as antisymmetric COO3 modes
caused by protonation/deprotonation of COOH
groups. In the lower spectral region from 1200 to
1000 cm31, a broad di¡erence structure with a mini-
mum at 1160 cm31 and a maximum at 1088 cm31
upon reduction can be observed. As previously de-
scribed in [18,19] for the four-subunit oxidase, these
bands can be assigned to PO modes caused by de-
protonation of the phosphate bu¡er, correlating with
proton uptake by the protein and the mediators. If
other bu¡ers are used, these PO signals are absent
and characteristic modes for these bu¡ers appear.
In the spectral region above 1680 cm31, contribu-
tions from the four heme propionates are expected,
which could be indicative for proton uptake/release
Fig. 1. Oxidized-minus-reduced FT-IR di¡erence spectra
(30.5C0.5 V) of the two-subunit cytochrome c oxidase from
P. denitri¢cans. For experimental conditions see text.
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upon electron transfer or for the perturbation of (a)
protonated propionate(s) group(s). The contributions
of protonated and ionized carboxylic groups of the
heme propionates were assigned by speci¢c 13C label-
ling of the carboxylic groups in the four heme pro-
pionates of the four-subunit oxidase [20]. The com-
parison of the electrochemically induced FT-IR
di¡erence spectra of wild-type and speci¢c 13C-la-
belled cytochrome c oxidase allowed to assign a sig-
nal at 1676 cm31 to contributions of protonated car-
boxylic groups. These di¡erence signals can be
observed in the electrochemically induced FT-IR dif-
ference spectra of the two-subunit oxidase presented
in Fig. 1 as well.
A peak at 1734 cm31 associated with the reduced
form and a peak at 1746 cm31 associated with the
oxidized form was previously assigned in [19] to the
CNO mode of Glu278 and is equally observed for
the two-subunit oxidase, although di¡erences in band
intensity can be observed and will be discussed be-
low.
Fig. 2 shows the oxidized-minus-reduced FT-IR
di¡erence spectra of the two- (dashed line) and the
four-subunit (solid line) cytochrome c oxidase from
P. denitri¢cans. The di¡erence spectra of the two-
and four-subunit oxidase are essentially identical
and show the same band shapes, as well as almost
identical peak positions and amplitudes. No di¡er-
ence signal is missing and no additional signals are
observed. However, a detailed comparison reveals
Fig. 2. Oxidized-minus-reduced FT-IR di¡erence spectra (30.5C0.5 V) of the two- (dashed line) and the four-subunit (solid line) cy-
tochrome c oxidase from P. denitri¢cans. For experimental conditions see text.
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small shifts of 1^2 cm31 and changes in peak inten-
sity, mainly between 1760 and 1680 cm31, 1620 and
1562 cm31 and at 1268 cm31. In these spectral re-
gions contributions of single amino acids, heme
modes and secondary structure elements can be ex-
pected as described above. A small but clearly detect-
able in£uence of the subunit deletion on the contri-
buting modes assigned, for example, to hemes a and
a3, is seen.
The most noticeable changes occur in the spectral
region between 1760 and 1680 cm31 ; the di¡erence
signals 1746, 1734 and 1720 cm31 are clearly de-
creased in the FT-IR di¡erence spectra of the two-
subunit oxidase. In this spectral range the signals of
protonated Asp and Glu acid side chains, as well as
from protonated heme propionates have been identi-
¢ed. Again, no di¡erence signal is absent and no
additional signal is seen, indicating that the same
groups are contributing in the di¡erence spectra pre-
sented in Fig. 2, thus excluding contributions from
subunit III and IV. The obvious decrease in peak
intensity in the characteristic spectral region of pro-
tonated Asp and Glu acid side chains in the di¡er-
ence spectra of the two-subunit oxidase could even-
tually be explained with a protonated Asp and Glu
amino acid side chain of subunit III (or IV) being
absent in the two-subunit oxidase. In the course of
the discussion about the possible involvement of sub-
unit III in proton pumping, Glu98 was proposed to
have an important role as a possible proton transfer
element in proton pumping [26]. However, in a site
directed mutagenesis study the involvement of the
amino acid Glu98 in proton translocation could be
excluded [7]. On this basis, we take the involvement
of Glu98 in the electrochemically induced FT-IR dif-
ference spectra as less probable. This is supported by
the invariability of Glu98 [7].
A possible cause for the variation of the peak in-
tensity between the spectra presented in Fig. 2 are
protein-protein interactions between the subunits.
This e¡ect is similar to the in£uence of the solubili-
zation of an enzyme in di¡erent detergents on inten-
sity and peak position previously described in the
course of a comparative resonance Raman study of
the bovine heart oxidase and the two- and four-sub-
unit oxidase from P. denitri¢cans [16]. In analogy to
resonance Raman, distinct, but subtle di¡erences be-
tween the spectra of the oxidase solubilized in di¡er-
ent detergents could be observed (data not shown).
Hamacher et al. [27] describe a related e¡ect of pro-
tein-protein interaction on the di¡erence signals of
Photosystem I comparing FT-IR di¡erence spectra
of the monomeric and trimeric protein.
On this basis we conclude that subunits III and IV
do not contribute to the FT-IR di¡erence spectra
and are thus not involved in the conformational re-
organizations of the protein upon electron and pro-
ton transfer. The role of the di¡erences observed
with the additional subunits is di⁄cult to judge and
may not be functionally relevant, although they can
clearly be observed here and correlated with obser-
vations in a previous resonance Raman study [16].
The role of the additional subunits III and IV
remains unclear; the data presented here con¢rm
that they are not involved in electron and proton
transfer and are not altered upon electron and pro-
ton transfer. A possible role for subunit III that
would ¢t in these restrictions would be in the assem-
bly of the functional oxidase [7,14]. Since the data
presented here have been obtained for the fully anae-
robic oxidase, and thus re£ect exclusively proton and
electron transfer, a further possibility that subunit III
a¡ects the oxygen reducing site in subunit I [8] and
may in£uence oxygen delivery to the core of the en-
zyme [15], cannot be excluded at present.
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